Aims and objectives
Marfan syndrome (MFS) is a genetic disorder of the connective tissue caused by mutations of the fibrillin 1 and transforming growth factor genes [1, 2] . Diagnosis relies on clinical criteria and genetic findings, which are summarized in the revised Ghent nosology [3] . Cardiovascular involvement due to altered mechanical properties of the aortic vessel wall is very frequent in MFS and can lead to life-threatening events [4, 5] . Most patients develop aortic root aneurysms during their life, the occurrence of aortic dissections is considerably increased [4] . Aneurysm formation is caused by the decreased aortic elasticity which is associated with wall shear stress (WSS) alterations. WSS represents the shear forces of flowing blood acting on the vascular wall. There is evidence that WSS influences endothelial cell function, gene expression, and structure of cells [6, 7] .
In recent years, a number of studies have analysed the impact of altered haemodynamics on the aortic wall by using flow-sensitive 4D MRI sequences [8] [9] [10] [11] . WSS can be derived from time-resolved 3D flow data [12] . Previous 4D flow MRI-based studies on various aortic pathologies such as bicuspid aortic valve and aortic coarctation have shown that abnormal flow patterns are associated with aortic dilatation [9, 10] . In addition, several studies have reported altered aortic WSS associated with presence of aortic plaques [13] , bicuspid aortic valve [11] , or aortic aneurysm [8] compared to the WSS distribution in the normal healthy thoracic aorta [14] . Findings in these studies indicate that aortic dilation and aneurysm development may be influenced by locally altered WSS.
Previous studies on adolescent MFS patients have described the occurrence of localised helices in the ascending aorta (AAo) and vortices in the proximal descending aorta (DAo) [15] and identified heterogeneous regional WSS distribution with higher WSS values in the AAo compared with healthy volunteers [16] . Typical flow patterns are depicted in fig. 1 . The purpose of this study was to analyse the development of aortic geometry and haemodynamics in the follow-up of adolescent MFS patients by 4D flow MRI and to find suitable risk factors for early identification of high or low risk patients for cardiovascular complications.
Methods and materials

MR Imaging
In the context of a prospective study, 19 paediatric patients with MFS underwent velocity encoding 3-dimensional magnetic resonance tomography (4D flow MRI) of the aorta at two points in time (mean age at t1: 12.7 ± 3.6 years, t2: 16.2 ± 4.3 years). Patients were scanned on a 1.5T or 3T MR system (Avanto/Trio, Siemens, Germany) with a 12-channel body-phased array coil. Flow-sensitive 4D-MRI acquisitions were synchronized to the heart rate and breathing using prospective ECG-gating and adaptive diaphragm navigator gating.
We used a k-space segmented rf-spoiled gradient echo sequence with interleaved 3-directional velocity encoding 
-1.6mm)³, temporal resolution = 2.2-4.9s, FA = 11-25°).
Data Analysis
4D flow data were postprocessed using home-built software based on Matlab (The MathWorks Inc., USA) for noise reduction, anti-aliasing and eddy-currents, and in a second step, for vessel segmentation and further quantitative flow calculation.
Visualisation of aortic flow was performed by 3D particle traces emitted from defined planes along the thoracic aorta (EnSight v. 9.2, CEI, Apex, NC, USA). Secondary flow patterns (helix and vortex flow) in the ascending aorta (AAo), aortic arch, and descending aorta (DAo) were analysed by two independent observers and graded in three categories: none = 0, moderate (flow rotation <360°) = 1, pronounced (flow rotation >360°) = 2. Fig.  2 shows the schematic workflow of flow visualisation. Quantitative analysis consisted of diameter measurements of the aortic sinus, AAo, arch and DAo on reconstructed CE-MRA data. Values were normalised to body surface area (BSA) to obtain Z-scores [17, 18] . Based on the 4D flow data, peak flow velocity, regional time-averaged absolute wall shear stress (WSS), and oscillatory shear index (OSI) were assessed at nine aortic sites (see fig. 2B ).
Statistical Analysis
Quantitative values were tested for statistically significant differences using two-sided paired t-tests. All tests used a significance level of 5% (<0.05). Interobserver variability was calculated with the Cohen´s Kappa test (Kappa coefficient). Spearman rank order correlation was used to measure correlation between aortic morphology and haemodynamic parameters. Statistical analysis was performed using SPSS Statistics 22 (IBM Corporation).
Images for this section: 
Results
Aortic diameters
Absolute aortic diameters increased, but aortic diameters related to the patients' BSA decreased between t1 and t2 except for DAo; differences were significant for the aortic sinus and AAo (p=0.005/p=0.03). 10/19 patients had a Z-score > 2 at t1, the Z-score was pathological in 8/19 patients at t2. Table 1 gives an overview of the aortic diameters at t1 and t2. Plane-wise assessment revealed that the drop of peak velocity was significant in planes 0,1,2,5 and 8, i.e. mainly in the AAo whereas no predominant localisation was detected for the WSS and OSI changes between the first and the second examination. A subgroup analysis by Z-scores demonstrated higher WSS (p=0.01) and lower OSI (p<0.001) in patients with enlarged aortic diameters (Z-score>2). Fig. 3 shows the WSS development at the nine evaluation planes for both points in time. We found correlations between AAo diameter and peak velocity which were significant at t1 (p=0.042) but not at t2 (p=0.14). Slow velocities at t1 correlated with larger AAo diameters at t2 (p=0.004, see fig. 4 ). However, we could not obtain any other associations between the aortic diameters and the WSS and OSI values at both points in time.
Fig. 4:
The peak velocity at t1 correlated significantly with the AAo diameter at t2. References: Department of Congenital Heart Disease and Paediatric Cardiology, University Children's Hospital Freiburg/Germany
Flow visualisation
The occurrence of helices increased non-significantly in the aortic arch and DAo, localised helices in the AAo decreased slightly. Vortices were only observed in the DAo and were more frequent at t2 (p=0.058). Examples for DAo vortices are shown in fig. 5 and 6 (movie).
The interobserver agreement was excellent (Cohen's # = 0.71). There were no correlations between specific flow patterns at t1/t2 and aortic diameters except for DAo vortices which correlated with the diameter at t1 (p=0.037). 
Conclusion
MFS patients need regular imaging of the thoracic aorta to recognise growing aortic diameters which could result in aortic dissection in early adulthood due to disease related vasculopathy [5] . Standard diagnostics based on echocardiography and routine MRI sequences is limited to the description of morphologic pathologies and is not able to detect complex alterations of blood flow and WSS.
This MRI follow-up study based on flow-sensitive 4D acquisitions in addition to CE-MRA scans revealed a general decrease of aortic WSS between t1 and t2 whereas the OSI increased in all planes along the thoracic aorta. We could no detect significant changes in abnormal flow patterns in terms of increasing helices or vortices. There was no linear progression towards enlarged aortic diameters in these young MFS patients. The reason could be the accelerated body growth rate during puberty and the current prophylactic medication [19] . We did not find significant correlations between the emerging changes in WSS, OSI, flow patterns and aortic diameters over time. The development of the vessel wall parameters showing a global decrease of WSS and an increase of OSI could be interpreted as a tendency towards a pro-atherogenic constellation [6, 20] .
However, the follow-up interval was presumably too short and the patient cohort not large enough and probably too young to depict specific risk factors for disease progression and to construct a precise and final hypothesis about the impact of altered haemodynamics on the pathogenesis in aortic disease in MFS. This patient population should be reexamined in the critical period between the age of 20 and 30 years prior to the occurrence of dissections.
Nevertheless, 4D flow MRI is a valuable imaging tool for understanding the flow pathophysiology and for simultaneously analysing changes in aortic diameters, blood flow and wall parameters for the purposes of the MFS patients' follow-up. 
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